In the framework of the k T -factorization approach, we study the production of prompt photons and electroweak gauge bosons in high energy proton-(anti)proton collisions at modern colliders. Our consideration is based on the amplitude for the production of a single photon or W ± /Z 0 boson associated with a quark pair in the fusion of two off-shell gluons. The quark component is taken into account separately using the quark-gluon scaterring and quark-antiquark annihilation QCD subprocesses. Special attention is put on the contributions from the quarks involved into the earlier steps of the evolution cascade. Using the Kimber-Martin-Ryskin formalism, we simulate this component and demonstrate that it plays an important role at both the Tevatron and LHC energies. Our theoretical results are compared with recent experimental data taken by the D⊘ and CDF collaborations at the Tevatron. PACS number(s): 12.38.-t, 12.38.Bx
Introduction
The theoretical and experimental studying the prompt photon and electroweak gauge boson production at high energies provide an important information about the nature of both the underlying electroweak interaction and the effects of Quantum Chromodynamics (QCD). In many respects these processes have become one of most important "standard candles" in experimental high energy physics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
In the previous publications [12] [13] [14] , we have considered the production of prompt photons and electroweak gauge bosons W ± and Z 0 in the k t -factorization approach. Making use of the k T -factorization is motivated by the fact that it provides solid theoretical grounds for the effects of initial gluon radiation and intrinsic parton transverse momentum k T . We pay attention to individual contributions from the different partonic subprocesses. The idea of considering individual partonic subprocesses was in reexpressing the quark contributions in terms of gluon contributions, thus reducing the problem of poorly known and poorly calculabe unintegrated quark distributions to much better investigated gluon distributions. Our studies, however, reveal the fact that the non-reducible quark distributions are of major importance for the processes under study. The goal of this paper is to clarify this point in more detail and to accomplish the calculations presented in [12, 14] by including the contributions which yet have not been taken into account.
The outline of our paper is following. In Section 2 we recall shortly the basic formulas of the k T -factorization approach with a brief review of calculation steps. In Section 3 we present the numerical results of our calculations. The central point is discussing the role of each contribution mentioned above to the cross sections. Section 4 contains our conclusions.
Theoretical framework 2.1 The subprocesses under consideration
Our theoretical approach is the following. We start from the leading order O(α) and O(αα s ) subprocesses: q + g * → γ + q, q +q → γ + g and q +q ′ → W ± /Z 0 . Then we divide them into several contributions which correspond to the interactions of valence quarks q v (x, k 2 T , µ 2 ), sea quarks appearing at the last step of the gluon evolution q g (x, k 2 T , µ 2 ) and sea quarks coming from the earlier steps q s (x, k 2 T , µ
2 ). Here we use the specific properties of the KMR scheme (see Section 2.3) which enables us to discriminate between the various components of the quark densities. We consider the following partonic subprocesses:
In the last two cases both valence q v and sea q s quark components are included. Note that all incoming gluons in (1) -(4) are off-shell. The gluon-gluon fusion subprocess (1) replaces the q g +q g annihilation, and the valence and sea quark-gluon scattering (2) and (3) replace the q v +q g and q s +q g annihilation mechanisms.
To avoid the double counting we have not considered here q +q ′ → W ± /Z 0 + g subprocess. Additionally, prompt photons can be produced through the fragmentation of a partonic jet into a single photon carrying a large fraction z of the jet energy. These processes are described in terms of quark-to-photon D q→γ (z, µ 2 ) and gluon-to-photon D g→γ (z, µ 2 ) fragmentation functions. In order to reduce huge background from the secondary photons produced by the decays of π 0 and η mesons some isolation criterion is introduced in the experimental analyses (see [7] [8] [9] [10] [11] for more details). Isolation not only reduces the background but also significantly reduces the fragmentation components. This contribution amounts only to about 10% of the visible cross section and therefore is neglected in our analysis. The isolation cuts and additional conditions which preserve our calculations from divergences have been discussed in [12, 13] .
Cross section for the inclusive γ/W
± /Z 0 production
The main formulas for the total and differential cross sections of prompt photon [12, 13] and electroweak gauge boson production were obtained in papers [14, 15] . Here we only recall in brief some of them.
The contribution to the inclusive γ/W ± /Z 0 production cross section from the off-shell gluon-gluon fusion can be written as
where
is the off-mass shell matrix element squared (and averaged over the initial gluon polarizations and colors); √ s is the total energy of the process under consideration; k 1T , k 2T , φ 1 and φ 2 are the transverse momenta and azimuthal angles of the initial off-shell gluons (having the fractions x 1 and x 2 of the incoming protons longitudinal momenta); p T and y are the transverse momentum and rapidity of the produced prompt photon or vector boson; p 1T and p 2T the transverse momenta of the co-produced quark and antiquark; y 1 , y 2 , ψ 1 and ψ 2 are the quark rapidities and azimuthal angles, respectively. The relevant formulas for q + g * → γ/W ± /Z 0 + q ′ , q +q → γ + g and q +q ′ → W ± /Z 0 partonic subprocesses are similar and can be written as follows:
where y ′ and y g are the rapidities of the final quark or gluon. The analytic expressions for the off-shell matrix elements of all subprocesses listed above has been derived in our previous papers [12, 14] . We only mention here that, in accord with the k T -factorization prescription [16, 17] , the off-shell gluon spin density matrix has been taken in the form
In all other respects our calculations follow the standard Feynman rules. If we average these expressions over φ 1 and φ 2 and take the limit k 2 1T → 0 and k 2 2T → 0, then we recover the relevant formulas in the leading order collinear approximation of QCD.
The multidimensional integration in (5) - (8) has been performed by the means of Monte Carlo technique, using the routine Vegas [18] . The full C++ code is available from the authors on request
1 . This code is practically identical to that used in [12] [13] [14] .
The KMR unintegrated parton distributions
The KMR approach [19] is the formalism to construct the unintegrated parton distribu-
2 ) from the known conventional parton distributions xa(x, µ 2 ), where a = g or a = q. This approach represents an approximate treatment of the parton evolution mainly based on the DGLAP equation and incorporating the BFKL effects at the last step of the parton ladder only, in the form of the properly defined Sudakov form factors
2 ). These form factors already include logarithmic loop coorection. Also, there are nonlogarithmic corrections which result in the K-factor [20, 21] on the cross section
T m 2/3 . In the KMR approximation, the unintegrated quark and gluon distributions are given by
where P ab (z) are the usual unregulated leading order DGLAP splitting functions, and q(x, µ 2 ) and g(x, µ 2 ) are the conventional quark and gluon densities 2 . The theta functions which appear in (10) and (11) imply the angular-ordering constraint ∆ = µ/(µ + |k T |) specifically to the last evolution step to regulate the soft gluon singularities. For other evolution steps, the strong ordering in transverse momentum within the DGLAP equations automatically ensures angular ordering.
The function f q (x, k 2 T , µ 2 ) in (10) represents the total quark distribution. Modifying (10) in such a way that only the first term is kept and the second term omitted, we switch the last 1 lipatov@theory.sinp.msu.ru 2 We use GRV (LO) parametrization [22] , the choise somewhat different from Ref. [21] .
gluon splitting off, thus excluding the q g (x, k 2 T , µ 2 ) component. Taking the difference between the quark and antiquark densities we extract the valence quark component
. Finally, keeping only sea quark in first term of (10) we remove the valence quarks from the evolution ladder. In this way only the q s (x, k
2 ) are taken into account.
Numerical results
We are now in a position to present our numerical results. In all our calculations the quark masses were set to m u = 4.5 MeV, m d = 8.5 MeV and m s = 155 MeV. We have checked that the uncertainties coming from these quantities are negligible compared to the ones connected with the scales in the unintegrated parton densities and strong coupling. We set m c = 1.5 GeV, m W = 80.403 GeV, m Z = 91.1876 GeV, sin 2 θ W = 0.23122 and use the LO formula for the strong coupling constant α s (µ 2 ) with n f = 4 active quark flavors at Λ QCD = 200 MeV (so that α s (M 2 Z ) = 0.1232). As it is often done, we choose the renormalization and factorization scales to be equal: µ R = µ F = µ = m T (transverse mass of the produced vector boson). In the case of prompt photon production we set the scale µ to be equal to the photon transverse energy. We will not study here the scale dependense of our results. This issue is addressed in our previous papers [12] [13] [14] .
We begin the discussion by presenting a comparison between the different contributions to the γ/W ± /Z 0 cross sections. In Fig. 1 we plot our results for the corresponding differential cross sections as functions of log 10 x calculated at different center-of-mass energies √ s. The cut |η γ | < 2.5 is applied for prompt photon production. In the case of electroweak boson production, the cross sections times branching fractions f (W → lν) and f (Z → l + l − ) are shown 3 . Note that the longitudinal momentum fractions of both incoming protons are taken into account here. The solid, dashed and dotted histograms represent the contributions from the g
subprocesses, respectively. The dash-dotted histograms represent the sum of the contributions from the q s +q
The last three subprocesses were not taken into account in [14] ; also the contributions from all 2 → 1 subprocesses have been corrected 4 by the factor of 3/2. Below we will refer to q s as to "reduced sea" component. The thick solid histograms represent the sum of all contributions. We find that the gluongluon fusion is an important production mechanism in the prompt photon production at both the Tevatron and LHC conditions. At the LHC, it gives a main contribution to the cross section. In the case of W ± /Z 0 production, the role of gluon-gluon fusion subprocess is greatly increased at the LHC energy: it contributes only about one or two percent to the total cross section at the Tevatron and more than 40% at the LHC energy. Moreover, in the last case it dominates over the valence quark-antiquark annihilation (which is important at the Tevatron but yields only about few percent at the LHC). The Compton-like subprocesses q v + g * → γ/W ± /Z 0 + q ′ are also contribute significantly at both the Tevatron and LHC conditions. 3 We set them to be equal to f (W → lν) = 0.1075 and f (Z → l + l − ) = 0.03366 [23] . 4 We thank V.A. Saleev for drawing our attention to this factor.
At the same time one can see that the "reduced sea" components play an important role for all processes under consideration. We found that it gives approximately 30% contribution to the total cross section of prompt photon production at the Tevatron and approximately 20% contribution at the LHC. In the case of electroweak boson production, it contributes about 50% and 40%, respectively. The contributions from the different subprocesses involved in the "reduced sea" component are shown in Fig. 2 . Note that thick solid histograms in Fig. 2 correspond to the dash-dotted histograms from Fig. 1 . We point out that all these subprocesses are mainly due to the quarks emerging from the earler steps of the parton evolution rather than from the last gluon splitting. Thus, we conclude that the quarks constitute an important component of the parton ladder, not negligible even at the LHC energies and not reducible to the gluon component. Now we turn to the transverse momentum distributions of the prompt photon and W ± /Z 0 bosons at Tevatron. The experimental data [7] [8] [9] [10] [11] for the inclusive prompt photon hadroproduction come from both the D⊘ and CDF collaborations. The D⊘ [7, 8] data were obtained in the central and forward pseudo-rapidity regions for two different center-of-mass energies, namely √ s = 630 GeV and √ s = 1800 GeV. The central pseudo-rapidity region is defined by the requirement |η γ | < 0.9, and the forward one is defined by 1.6 < |η γ | < 2.5. The more recent CDF data [9, 10] refer to the same central kinematical region |η γ | < 0.9 for both beam energies √ s = 630 GeV and √ s = 1800 GeV. Last available experimental data has been presented by the D⊘ collaboration very recently [11] . These data extend previous measurements [7] [8] [9] [10] confront the double differential cross sections dσ/dE T dη of the prompt photon production calculated at √ s = 630, 1800 and 1960 GeV in different kinematical regions with the D⊘ [7, 8, 11] and CDF [9, 10] data. The solid histograms represent calculations where all contributions described above are taken into account. For comparison, we also show (as dashed histograms) the predictions based on the simple 2 → 2 quark-gluon QCD interaction and quark-antiquark annihilation subprocess with all quark components summed together. One can see that both approaches give the very similar results which agree well with the Tevatron data within the experimental uncertainties. This fact demonstrates that the high-order corrections for prompt photon production connected with the terms not containing large logarithms are rather small. Concerning the electroweak gauge boson production, the situation is slightly different. Figs. 5 and 6 display a comparison between the calculated differential cross sections dσ/dp T and the D⊘ and CDF experimental data [1, 3, 4] at low p T (p T < 20 GeV) and in the full p T range. These data have been obtained at √ s = 1800 GeV. In Figs. 7 and 8 , we plot the normalized differential cross section (1/σ) dσ/dp T of the W ± and Z 0 boson production, respectively. The normalized differential cross section of the Z 0 boson production as a function of the absolute value of rapidity y is shown in Fig. 9 . The solid histograms here represent the calculations in the scheme (1) -(4) and the dashed histograms respresent the predictions based on the 2 → 1 quark-antiquark annihilation. In the last case the transverse mometum of the produced vector boson is defined by the transverse momenta of the incoming quarks. The predictions of the scheme (1) - (4) lie by about a factor of 1.25 higher and show better agreement with the data. However, a slight overestimation of the data at low p T is observed. The difference between these two approaches can be attributed to the terms not containing large logarithms. In contrast with prompt photon production, these corrections are large for the case of W ± /Z 0 production and significantly improve the description of the Tevatron data. Note that an additional factor of about 1.2 was introduced in [21] to eliminate the visible disagreement between the data and theory. Authors of [21] have explained the origin of this extra factor by the fact that the input parton densities (used to determine the unintegrated ones) should themselves be determined from data using the appropriate non-collinear formalism. The results of our calculations show no need in this extra factor.
Additionally we have studied the effects of the non-logarithmic loop corrections to the gauge boson production amplitude. To do this, we have repeated the calculations based on the 2 → 1 quark-antiquark annihilation with the omitted K-factor. The dotted histograms in Figs. 3 -9 correspond to the results of these calculations. We have found a significant (by a factor of about 1.5) reduction of the predicted cross sections.
As a final point of our study, we discuss an additional possibility to distinguish the two calculation schemes used above. This possibility comes from studying the ratio of the W ± and Z 0 boson cross sections. In fact, since W ± and Z 0 production properties are very similar, as the transverse momentum of the vector boson becomes smaller, the radiative corrections affecting the individual distributions and the cross sections of hard process are factorized and cancelled in this ratio. Therefore the results of calculation of this ratio in the decomposition scheme (where the O(αα s ) and O(αα 2 s ) subprocesses are taken into account) and the predictions based on the O(α) quark-antiquark annihilation should differ from each other at moderate and high p T values. This fact is clearly illustrated in Fig. 10 where the ratio of W ± and Z 0 cross sections as a function of the transverse momentum is displayed. As it was expected, there is practically no difference between all plotted histograms in the low p T region.
Conclusions
We have studied the production of prompt photon and electroweak gauge bosons in hadronic collisions at high energies in the k T -factorization approach of QCD. The central part of our consideration is the off-shell gluon-gluon fusion subprocess g * +g * → γ/W ± /Z 0 +q+q ′ . The contribution from the quarks has been taken into account additionally.
To study the individual contributions from the different partonic subprocesses we have used the KMR scheme. We find that the gluon-gluon fusion is an important production mechanism of prompt photons at both the Tevatron and LHC conditions. At the LHC, it gives the main contribution to the cross section. In the case of W ± /Z 0 production, it contributes only about one or two percent to the total cross section at the Tevatron and more than 20% at the LHC energy.
We demonstrate that an important contribution to the total cross sections of the processes under consideration also comes from the sea quark interactions. Notably, we found that the contribution of these subprocesses are mainly due to the quarks emerging from the earler steps of the parton evolution rather than from the last gluon splitting. 
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Figure 3: Double differential cross section dσ/dE T dη for the inclusive prompt photon hadroproduction calculated for |η| < 0.9 (a) and 1.6 < |η| < 2.5 (b) at √ s = 630 GeV and for |η| < 0.9 (c) and 1.6 < |η| < 2.5 (d) at √ s = 1800 GeV. Solid histograms represent calculations in the "decomposition" scheme where all contributions described in the text are taken into account. Dashed histograms correspond to the predictions based on the simple 2 → 2 quark-gluon QCD interaction and quark-antiquark annihilation subprocess with all quark components summed together. The experimental data are from D⊘ [7, 8] and CDF [9, 10] . The experimental data are from D⊘ [11] . dσ/dp T (pb/GeV) p T (GeV)
Figure 5: Transverse mometum distribution of the W ± boson production calculated at √ s = 1800 GeV. Solid histograms represent calculations in the "decomposition" scheme where all contributions described in the text are taken into account. Dashed histograms correspond to the predictions based on the simple 2 → 1 quark-antiquark annihilation subprocess with all quark components summed together. Dotted histograms correspond to the simple 2 → 1 quark-antiquark annihilation subprocess without K-factor. The cross sections times branching fraction f (W → lν) are shown. The experimental data are from D⊘ [4] . 1/σ dσ/dp T (GeV 
Figure 10: Ratio of differential cross section for W ± to Z 0 production. Notation of the histograms is the same as in Fig. 5 . The experimental data are from D⊘ [3] .
